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Abstract
Two of the most widely studied extensions of the Standard Model (SM) are a) the addition of
a new U(1) symmetry to its existing gauge groups, and b) the expansion of its scalar sector to
incorporate a second Higgs doublet. We show that when combined, they allow us to understand
the electron-like event excess seen in the MiniBooNE (MB) experiment as well as account for
the observed anomalous values of the muon magnetic moment. A light Z ′ associated with an
additional U(1) coupled to baryons and to the dark sector, with flavour non-universal couplings to
leptons, in conjunction with a second Higgs doublet is capable of explaining the MB excess. The
Z ′ obtains its mass from a dark singlet scalar, which mixes with the two Higgs doublets. Choosing
benchmark parameter values, we show that U(1)B−3Lτ , which is anomaly-free, and U(1)B, both
provide (phenomenologically) equally good solutions to the excess. We also point out the other
(anomaly-free) U(1) choices that may be possible upon fuller exploration of the parameter space.
We obtain very good matches to the energy and angular distributions for neutrinos and anti-
neutrinos in MB. The extended Higgs sector has two light CP-even scalars, h′ and H, and their
masses and couplings are such that in principle, both contribute to help explain the MB excess as
well as the present observed value of the muon g − 2. We discuss the constraints on our model
as well as future tests. Our work underlines the role that light scalars may play in understanding
present-day low-energy anomalies. It also points to the possible existence of portals to the dark
sector, i.e., a light gauge boson field (Z ′) and a dark neutrino which mixes with the active neutrinos,
as well as a dark sector light scalar which mixes with the extended Higgs sector.
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I. INTRODUCTION
The Standard Model (SM) of particle physics with its underlying framework of local
gauge symmetries [1]1 is a highly sucessful present-day theory. It explains, with impressive
accuracy, an unprecedented range of experimental measurements over many decades in en-
ergy. In spite of its stellar success, however, the list of reasons as to why physics beyond the
Standard Model (BSM) should exist is both long and compelling. Dark matter (DM) [4–8],
the existence of which is extensively supported by a range of astronomical observations, is
one of the strongest motivations for looking for new physics, because it is clear that none
of the SM particles can contribute significantly to its share of the energy density of our
universe. It is fair to say that despite assiduous efforts, practically no light has been shed
so far on its particle properties.
The observed matter and anti-matter asymmetry in our universe [1, 9, 10] and the exis-
tence of small but non-zero neutrino mass differences [11–14], with masses widely different
in magnitude from those of the charged leptons and quarks, as well as the existence of three
families of quarks and leptons with a large mass hierarchy provide further grounds for the
search for BSM physics.
A puzzling, and to a degree, unanticipated development in the effort to discover new
physics is the lack of any definitive signals pointing to its presence at the Large Hadron
Collider (LHC). Most notable among these is the absence (so far) of supersymmetry [15],
which, arguably, has been the most popular model for BSM physics over the last three
decades. This has led to renewed interest in the quest for BSM signals in other experiments,
in settings as diverse as B-factories, rare decay searches, muon storage rings, matter-wave
interferometers, pair-spectrometers for nuclear transitions and neutrino and DM detectors.
These efforts have not been disappointing. At the present time, there are several empirical
results which appear to be anomalous at levels of statistical significance which invite, and
in some cases, demand attention. Among them are observed discrepancies in a) the values
of the anomalous magnetic moment of the muon [16] and the electron [17], b) excesses in
electron events in tension with muon neutrino disappearance data at short-baseine neutrino
detectors [18], c) a significant excess in the signal versus background expectation in the
1 For detailed pedagogical treatments see, for instance, [2, 3].
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KOTO experiment [19] which searches for the decay of a neutral kaon to a neutral pion and
a neutrino pair, d) discrepancies with SM predictions in observables related to B-decays [20],
and finally, e) anomalies in the decay of excited states of Beryllium [21].
The possibility of connections between two or more of the sectors motivating the search
for BSM physics has generated significant interest of late, and this work is also based on
such a connection. For instance, the connection between neutrinos and the dark sector2
pursued here has recently been discussed in [22–29].
For our purpose here, we note that if DM interacts with particles of the SM, its scattering
must resemble neutral current interactions of neutrinos. This similarity is the reason why
coherent elastic neutrino-nucleon scattering (CEνNS) [30, 31] is a major background for next
generation DM experiments looking to directly detect weakly interacting massive particles
(WIMPs) [32]. This correspondence also underlies proposals and sensitivity studies for the
direct detection of DM at fixed-target neutrino experiments (see, e.g. [33–41]) or even at
much higher energies [42–45]. It follows, therefore, that persistent anomalous excesses in
neutrino experiments should be scrutinized keeping in mind that they may be receiving
contributions from dark sector particles scattering off SM particles via a mediating portal
particle, which could be i) a vector, ii) a scalar or iii) a dark neutrino which mixes with the
SM neutrinos.
In this work, we propose a solution to the electron-like event excess seen in the MiniBooNE
(MB) experiment based on a new U(1) symmetry associated with baryon number, mediated
by a light new neutral gauge boson Z ′, which couples either selectively or not at all to leptons.
It also couples directly to particles in the dark sector and indirectly to neutrinos, via mixing.
We do not propose a unique choice for the new gauge group insofar as its coupling to SM
particles is concerned, but via benchmark parameters, show that both U(1)B−3Lτ and U(1)B
provide equally good solutions to the excess. We also indicate other (anomaly-free) choices
that may be allowed once the parameter space is fully explored. The interaction (described
in more detail below) which leads to the observed MB excess involves a dark neutrino, νd,
mixed with the SM neutrinos, a SM Higgs sector expanded to include a second doublet, and
a singlet (under the SM) scalar which couples to the SM fermions only via its mass mixing
2 In what follows, the dark sector is assumed to comprise of particles which do not couple to SM fermions
or gauge bosons, or do so extremely weakly and indirectly, e.g. via kinetic or mass mixings.
3
with the two Higgs doublet (2HD) sector3. While providing a very good fit to the MB data,
this also accounts for the present observed value of the anomalous muon magnetic moment,
without further embellishment or fine-tuning.
Section II discusses the observed excess in MB and the measured discrepant value of the
anomalous muon magnetic moment. Section III discusses our model, its motivations and
Lagrangian, and presents the calculation of the process that leads to our explanation of the
MB excess. Section IV A presents our results for MB and compares the neutrino and anti-
neutrino energy and angular distributions obtained with the data. Section IV B focuses on
the implications of our model for the anomalous magnetic moment of the muon. Section V
focuses on constraints on our work and discusses some possible future tests. Section VI
qualitatively summarizes our results and conclusions.
II. THE MINIBOONE/LSND AND THE MUON g − 2 ANOMALIES
A. Event excesses in MiniBooNE and LSND
It is well-known that two neutrino experiments, MiniBooNE (MB) [47–51] and the Liquid
Scintillator Neutrino Detector (LSND) (see [52], and references therein), have observed
electron-like event excesses which have withstood scrutiny so far and which cannot be easily
explained within the ambit of the SM. We summarize, in turn, the experiments, their results,
and the efforts to explain them. Prior to proceeding, we note that while the discussion in
this section covers both LSND and MB, given a) the fact that both see electron-like excesses
and b) the many attempts to jointly explain them, our focus in the rest of the paper is the
MB low-energy excess (LEE) and the anomalous magnetic moment of the muon. However,
since the process chosen is, in principle, capable of giving the LSND final state, we also
mention the implications for this in Section IV A, as well as discussing the consequences
for the KARMEN experiment [53], which found a null result in its search for an LSND-like
excess.
MB, at Fermilab, uses muon neutrino and anti-neutrino beams produced by 8 GeV pro-
tons hitting a beryllium target, with the fluxes peaking at around 600 MeV (νµ) and around
400 MeV (ν¯µ). The detector is a 40-foot diameter sphere containing 818 tons of pure mineral
3 A more economical possibility, where only a singlet scalar with mass mixing to the SM Higgs is added, is
precluded by very tight constraints on its fermionic couplings from a variety of experiments, see [46].
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oil (CH2) and is located 541 m from the target. Since 2002, the MB experiment has collected
a total of 11.27× 1020 POT in anti-neutrino mode and 12.84× 1020 POT in neutrino mode.
Quasi-elastic e-like event excesses of 381.2 ± 85.2 in the neutrino mode, and 79.3 ± 28.6 in
the anti-neutrino mode, with an overall significance of 4.7σ have been established in the
neutrino energy range 200 MeV< EQEν < 1250 MeV. In terms of visible energy, Evis, most
of the excess is confined to the range 100 MeV < Evis < 700 MeV, with a somewhat forward
angular distribution, and is referred to as the MB LEE. We note two points of relevance, a)
that all major backgrounds are constrained by in-situ measurements, and b) that MB, being
a mineral oil Cerenkov light detector, cannot distinguish photons from electrons in the final
state. In addition, MB, under certain conditions (which we describe in more detail below)
would also mis-identify an e+e− pair as a single electron or positron.
LSND was a detector with 167 tons of mineral oil, lightly doped with scintillator. Neutrino
and anti-neutrino beams originating from pi− decay-in-flight (DIF) as well as µ decay-at-rest
(DAR) were used. The main interaction was the inverse beta decay process, ν¯e+p→ e++n.
The final state observed in the detector was the Cherenkov and scintillation light associated
with the e+ and the co-related and delayed scintillation light from the neutron capture on
hydrogen, producing a 2.2 MeV γ. The experiment observed 87.9 ± 22.4 ± 6.0 such events
above expectations, at a significance of 3.8σ, over its run span from 1993 to 1998 at the
Los Alamos Accelerator National Laboratory. Like MB, LSND was unable to discriminate
a photon signal from those of e+, e− or an e+e− pair.
B. Sterile neutrinos and other proposed new physics solutions of the MB and
LSND anomalies
Perhaps the most widely discussed resolution of the MB and LSND excesses involves
the presence of sterile neutrinos with mass-squared values of ∼ 1 eV2, mixed with the SM
neutrinos, leading to oscillations and ν¯e and νe appearance [54]. Support to the sterile hy-
pothesis is lent by deficits in νe events in radioactive source experiments [55, 56] and in ν¯e
reactor flux measurements [57–61]. Recent results from the reactor experiments, NEOS [62]
and DANSS [63] also provide hints of oscillations involving sterile neutrinos. As other disap-
pearance oscillation data sets and null results from multiple experiments have accumulated,
however, this explanation for MB and LSND excesses has been subject to strongly increas-
5
ing tension with their conclusions. In particular, results from MINOS/MINOS+ [64] and
IceCube [65] disappearance measurements constrain νµ mixing with a sterile neutrino very
strongly, in conflict with the demands of the appearance hypothesis for MB and LSND. For
recent global analyses and more detailed discussions, the reader is referred to [66–72]. Fi-
nally, the presence of a light sterile neutrino is also disfavoured by cosmological data [73, 74].
This growing tension and the tightening of constraints on the presence of sterile neutrinos
has led to efforts to find non-oscillatory solutions to one or both of these excesses. Earlier
attempts [75–78] have typically included a heavy sterile (i .e. dark) decaying neutrino which
mixes with the SM active neutrinos. In proposals where the decay of the heavy neutrino is
radiative [76, 77], there appears to be some conflict with either tight constraints on mixings
and magnetic moments [79–85] or matching [78] the observed angular distribution of the
visible light in MB. Other efforts invoking new physics include [86–89], which appear to be
in tension with the conclusions of global analyses [67, 68, 70, 71]. Among more recent work
we list [90, 91], which involve the production and fast decay of a heavy neutrino in MB,
resulting in a collimated e+e− pair; [92] which depends on an altered ratio of single photon
to pi0 events and [93] which invokes the production of a heavy neutrino in kaon decays in
the proton beam target and its subsequent radiative decay. Recently, there have also been
proposals [94, 95] which extend the decay scenario proposed in [75], originally proposed to
explain LSND, and apply it to MB. Most recently [96] discusses a scalar mediated scenario
with a dark sector neutrino, which also addresses the KOTO and the muon g−2 anomalies.
C. General constraint considerations relevant to new physics proposals for the
MB LEE
While we discuss the constraints on our specific model in more detail later in this work,
we list here some that are particularly important to most efforts to explain the MB LEE.
Any explanation involving the production of dark sector particles in the target which then
scatter elastically off the nucleons or electrons in the MB dectector must confront the MB DM
search results [40] which found no excess events in the off-target, i.e. beam dump mode. This
result signals that when neutrino production was suppressed via charged pion absorbtion
in the beam dump (i.e., the target was removed) the excess disappeared. Another class of
important constraints are those arising from neutrino-electron scattering measurements [97–
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102]. For a discussions of these constraints in the context of the MB LEE, see [103]. Finally,
as we show below, a set of constraints important to any new physics proposal that involves
a new coupling to baryons and a direct or indirect coupling to neutrinos originate from
observations of neutral current neutrino-nucleon scattering at both low and high energies.
At low energies, such a proposal must confront measurements such as those carried out by
MB [104]. At high energies, the deep inelastic neutrino-nucleon cross sections [105–107]
are well understood and tested by HERA data [108] all the way upto neutrino energies of
107 GeV, and these results must be complied with.
D. The muon g-2 anomaly
The Lande g factor, and its deviation from the tree level value of 2, is one of the most
precisely measured quantities in the SM. This also renders it an excellent probe for new
physics. At the present time, there exists a long-standing and statistically significant dis-
crepancy between its measurement [109, 110] and the theoretically predicted value, which
involves contributions from quantum electrodynamics, quantum chromodynamics and elec-
troweak theory [16, 111–113]. Specifically,
∆aµ = a
meas
µ − atheoryµ = (2.74± 0.73)× 10−9. (1)
Many proposals for new physics provide possible explanations for this discrepancy (For
reviews and references, see [16, 111–113].). Our attempt in this work, details of which are
provided in the sections to follow, is related to a class of possible solutions suggested by
several authors [114–125] involving a light scalar with a mass in the sub-GeV range and a
relatively weak coupling to muons.
III. THE MODEL, ITS MOTIVATIONS AND THE INTERACTION IN MINI-
BOONE
A. Motivations for the choice of the additional U(1)
For reasons enumerated in the beginning of the previous section, one may legitimately
assume that the SM is a highly successful low energy effective description of a more funda-
mental and complete theory. Effective field theories are not, in general, expected to satisfy
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the stringent requirements of renormalizability and anomaly cancellation, and yet the SM
does satisfy these important criteria. One may choose to treat this as a curious accident, or
one could adopt it as a guiding principle and impose ultra-violet (UV) completion and the
freedom from anomalies as a desireable requirement [126] when considering a further U(1)
extension. We choose this approach for arriving at one of the benchmark choices we make
here (U(1)B−3Lτ , below). From a phenomenological point of view, however, we find that
a second option which does not satisfy these criteria, a U(1) with gauged baryon number,
works equally well for explaining the MB LEE and accommodating the muon g − 2. This
latter choice must, however, be supplemented by a set of heavy chiral fermions.
The global symmetries of the SM, namely, U(1)B, U(1)Le , U(1)Lµ and U(1)Lτ , provide
possible signposts to an extension. These lead to three combinations which are anomaly-free
and consequently do not require the addition of any new fermions, i.e., U(1)Lµ−Le , U(1)Le−Lτ
and U(1)Lµ−Lτ [127–129]. In addition, if right-handed (RH) neutrinos are added to the SM
particle spectrum, it can be shown [126, 130, 131] that U(1)B−L × U(1)Lµ−Lτ × U(1)Lµ−Le
or any of its subgroups provide anomaly-free and UV complete options for adding a new
U(1) gauge boson to the SM. Noting that a) the necessary new physics to explain MB must
couple neutrinos to baryons either directly or via mixing, (since the incoming beam is a
νµ or a ν¯µ and the target nucleus is CH2) and, b) that a universal coupling to the quark
generations ensures safety from flavour changing neutral currents (FCNCs), one is led to
a class of symmetries, i .e. B − r`L`, with r`L` = 3, where the r` are real coefficients and
` = e, µ, τ .
For several examples of this general class of possibilities, the phenomenology of and con-
straints on the associated boson have been studied in [102, 132–136]. They arise from beam
dump, fixed target, collider, weak precision and neutrino experiments (for a complete list,
see [136] and references therein) which tightly restrict the gauge coupling and the mass of
the new gauge boson. Additional constraints on electron couplings arise from neutrino elec-
tron elastic scattering experiments [98, 100, 101, 137]. Overall, one is led to the conclusion
that it is very difficult to explain the MB LEE and simultaneously satisfy all constraints
on a U(1) if it couples to any significant degree to electrons. Based on this, possibili-
ties, like U(1)B−3/2(Lµ+Lτ ), U(1)B−3Lµ , and U(1)B−3Lτ , which, while also tightly constrained
[138, 139], offer a little more room for accommodating new physics explanations. In our
work, we have chosen to use U(1)B−3Lτ [140–142] as an example, but it is possible that a
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fuller exploration of the possibilities available may yield other equivalent anomaly-free and
UV complete options among the larger set B − r`L` identified above.
As mentioned, U(1)B affords a phenomenologically equivalent alternative insofar as ex-
plaining the two anomalous results we focus on in our work. Gauging baryon number alone
has been discussed extensively in the literature [24, 143–160]. A gauged U(1)B, unlike the
accidental SM symmetry combinations mentioned above, is not anomaly-free and must be
treated as an effective theory with an UV cut-off, with new states entering at higher ener-
gies to make the theory consistent. A discussion of the necessary UV completions is outside
the scope of our work and we refer the reader to the references above for examples of such
models.
B. Some other considerations
The associated gauge boson (Z ′) for both our example gauge groups also couples to the
dark sector. We note that there are observational reasons that hint towards a link that
may exist between DM and baryons. These are the stability of both DM and protons on
a timescale equal to or exceeding the age of the universe, and the empirically known but
unexplained fact that the relic abundances of baryons are similar to those of DM upto a
factor of ∼ 5 [157]. The Z ′ in our work is a portal particle, coupled via U(1)B−3Lτ (or U(1)B)
to the SM with a coupling gB and to the dark sector via a coupling gd.
Prior to providing details of the model and the interaction in MB in the two next sections,
we discuss two important gauge invariant and renormalizeable terms associated with any
new U(1) that is linked to the SM, specifically to its U(1)Y hypercharge group. These involve
kinetic [161] and mass mixings. After convenient field redefinitions (see, e.g., [162]) they
enter the Lagrangian as
L ⊃ e  Z ′µ Jemµ +
g
cW
′ Z ′µ JZµ , (2)
where Z and Z ′ are the weak neutral SM and new gauge bosons, Jemµ and J
Z
µ the elec-
tromagnetic and Z currents, e is the usual electric charge, g is the weak gauge coupling,
cW is the cosine of the Weinberg angle, and  and 
′ parameterize the kinetic and mass
mixings, respectively. In situations where  (′) is sizeable and has measureable phenomeno-
logical consequences for current or near-future experiments, the Z ′ is usually referred to as
a “dark photon” (“dark Z”). In general, even if one assumes that kinetic mixing vanishes
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at high energies, it re-appears via loop effects. Specifically, if there are i particles with mass
Mi charged under both U(1)Y and the new U(1)Z′ with couplings gY and gZ′ respectively,
kinetic mixing is generated at the loop level with a magnitude [161, 163]
 =
gY gZ′
16pi2
∑
i
qiY q
i
Z′ ln
M2i
µ2
, (3)
where qY and qZ′ are the respective charges and µ is a renormalization scale. In what follows,
gZ′ = gB−3Lτ or gZ′ = gB is constrained to be ' 10−4 or smaller (see Fig. 5), rendering 
very small. This allows us to assume in what follows that the main decay modes of the Z ′
are to invisible particles of the dark sector. Finally, we note that kinetic mixing may also be
naturally small below the electroweak scale, if in the full theory at high energy the U(1)Z′
is actually embedded in a larger non-abelian gauge group [148].
The mass mixing ′ between the Z and Z ′ at tree level arises if there is a scalar which
acquires a vacuum expectation value (vev) and is charged under both the U(1)Y and the
U(1)Z′ . Given the fact that our model does not contain such a particle, and that 
′ ∝ mZ′/mZ
[162] which is quite small, we also neglect the mass mixing term proportional to ′ in addition
to . For completeness, we mention that constraints on the kinetic mixing of dark photons
for low mass Z ′ are very severe, and arise from a large number of collider, neutrino, beam
dump and other experiments; for a recent comprehensive discussion and list of references
the reader is referred to [135, 164]. The physics of and constraints on a mass-mixed Z ′ are
discussed in [162, 164, 165].
Finally, we extend the scalar sector of the SM by adding a second Higgs doublet, i .e.,
the widely studied two Higgs doublet model (2HDM) [166, 167] and add i) a dark sector
singlet scalar φh′ which acquires a vev and gives mass to the Z
′, and ii) a dark neutrino
νd. The process we consider in order to explain the MB LEE involves a beam νµ, which
produces, (via mixing) a dark neutrino (ν4), which is the mass eigenstate corresponding
to νd. Also present in the final state are i) a recoiling nucleon (incoherent scattering) or
nucleus (coherent scattering) and ii) a light scalar h′ or H, which quickly decays to an e+e−
pair. The scattering is mediated by Z ′, as shown in (Fig. 1). RH neutrinos are introduced
for the purpose of anomaly cancellation and for generating neutrino masses via the seesaw
mechanism. Further details are provided in the sections below.
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C. The Lagrangian of the model
As discussed above, the SM is extended by a second Higgs doublet, and either i) a
U(1)B−3Lτ gauge boson, coupled to baryons and the τ sector or ii) a U(1)B gauge boson
coupled to baryon number alone with gauge coupling gB
4, with no tree level couplings to the
leptons of the SM. In both cases the coupling to the incoming muon neutrinos is indirectly
generated via mixing with the dark neutrino νd, since the light new mediator Z
′ couples to
it with coupling gd. As may be seen from Table I, which lists the benchmark values we use
below, we have assumed
gB  gd,
essentially dictated by constraints that we discuss in Section V A. Such a hierarchy of cou-
plings could effectively arise, of course, from widely differing charges for the same gauge
boson. Perhaps a more natural possibility [168] is to assume that the disparity originates
in the mixing of two U(1) gauge bosons Z1 and Z2, with significantly different mass eigen-
values m1  m2, with Z1 coupling to only the dark sector and Z2 coupling only to SM
particles. The lighter mass eigenstate, a mixture of Z1 and Z2, would then be effectively
coupled to the SM with a coupling gB ∼ gdm21/m22. A second possibility [169] leading to
a gB  gd involves an effective Z ′, which has no tree level SM couplings but couples via
non-renormalizable operators.
The SM Lagrangian is thus extended by the following terms to obtain Ltot, the full
Lagrangian of the extended theory,
Ltot ⊃ −1
4
Z ′µνZ
′µν + ν¯dγµ(i∂µ + gdZ ′µ)νd + Lq + Lf − LfY − V + LKinS + Lm, (4)
where
Lq =
∑
q
1
3
gB q¯γ
µZ ′µq, Lf =
∑
f gBqf f¯γ
µZ ′µf, (5)
LfY =
√
2
[
(Y uij Φ˜1 + Y˜
u
ij Φ˜2)Q¯
i
Lu
j
R + (Y
d
ijΦ1 + Y˜
d
ijΦ2)Q¯
i
Ld
j
R + (Y
e
ijΦ1 + Y˜
e
ijΦ2)L¯
i
Le
j
R + h.c.
]
.(6)
In the above, q runs over all the SM quarks, while f runs over the leptons with charge qf to
which Z ′ is coupled to, e.g . ντ , τ for our choice of U(1)B−3Lτ , and over none of the lepton
4 In the remainder of our work, we use gB as a generic notation for both the U(1)B coupling and/or the
U(1)B−3Lτ coupling for the most part, specifying gB−3Lτ only when the context demands it, as, for
instance, in Fig. 5 and Section V. We stress that in the numerical calculations, they correspond to the
same values.
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generations for U(1)B. In Eq. (6), QL, uR, dR are the left-handed (LH) quark doublets, RH
up-type quarks and RH down-type quarks respectively. Similarly, LL and eR denote the
LH SM lepton doublets and the RH charged leptons, respectively. Φ1 and Φ2 are the two
doublets of the 2HDM, and Yij and Y˜ij are the associated Yukawa coupling matrices.
Our approach with respect to the 2HDM in this section is similar to that followed in
[125]. We write the scalar potential V in the Higgs basis (φh, φH , φh′) [170, 171], with the
λi denoting the usual set of quartic couplings
V = φ†hφh
(
λ1
2
φ†hφh + λ3φ
†
HφH + µ1
)
+ φ†HφH
(
λ2
2
φ†HφH + µ2
)
+ λ4(φ
†
hφH)(φ
†
Hφh)
+
{(
λ5
2
φ†hφH + λ6φ
†
hφh + λ7φ
†
HφH + λ
′
5φ
∗
h′φh′ − µ12
)
φ†hφH + h.c.
}
+ φ∗h′φh′(λ
′
2φ
∗
h′φh′ + λ
′
3φ
†
hφh + λ
′
4φ
†
HφH + µ
′), (7)
where
φh =
 H+1
v+H01+iG
0
1√
2
 ≡ cos β Φ1 + sin β Φ2, φH =
 H+2
H02+iA
0
√
2
 ≡ − sin β Φ1 + cos β Φ2,(8)
φh′ =
v′ +H03 + iG
0
2√
2
, (9)
so that v2 = v21+v
2
2 ' (246 GeV)2 and tan β = v2/v1, where 〈Φi〉 = vi/
√
2 and 〈φh′〉 = v′/
√
2.
Here, H+1 , G
0
i are the Goldstone bosons eaten up by the gauge bosons after the electroweak
and U(1)′ symmetries are spontaneously broken. Therefore, the scalar kinetic term LKinS can
be written as
LKinS =
∑
H
(DHµ φH)
†DHµ φH ⊃
1
2
g2d(v
′ +H03 )
2Z ′µZ
′µ, (10)
where
Dh
′
µ φh′ ≡ (∂µ + igdZ ′µ)φh′ . (11)
Hence, the Z ′-H03 -Z
′ coupling is given by
GZ′Z′H03 = i
2m2Z′
v′
, (12)
where m2Z′ = g
2
dv
′2. The mass matrix of the neutral CP-even Higgses in the basis: ρ =
(H01 , H
0
2 , H
0
3 ) is given by
m2H =

λ1v
2 λ6v
2 λ′3vv
′
λ6v
2 m¯2H λ
′
5vv
′
λ′3vv
′ λ′5vv
′ 2λ′2v
′2
 , (13)
12
where m¯2H = µ2+(λ3+λ4+λ5)v
2/2+λ′4v
′2/2. Here, we have used the following minimization
conditions of the scalar potential V ,
µ1 = −1
2
(λ1v
2 + λ′3v
′2), (14)
µ12 =
1
2
(λ6v
2 + λ′5v
′2), (15)
µ′ = −λ′2v′2 −
λ′3v
2
2
. (16)
The mass matrix of the neutral CP-even Higgses m2H is diagonalized by Z
H as follows (see
appendix A):
ZHm2H(Z
H)T = (m2H)
diag , with H0i =
∑
j
ZHjihj , (17)
where (h1, h2, h3) = (h,H, h
′) are the mass eigenstates, and H01 ≈ h is the SM-like Higgs in
the alignment limit (i.e., λ6 ∼ 0 ∼ λ′3) assumed here. The masses of the CP-even physical
Higgs states (h,H, h′) are given by
m2h,H,h′ '
{
λ1v
2,
1
2
(
m¯2H + 2λ
′
2v
′2 ±
√
(m¯2H − 2λ′2v′2)2 + 4(λ′5vv′)2
)}
. (18)
Also, in the present model, the charged and CP-odd Higgs masses, respectively, are given
by
m2H± =
1
2
(
2µ2 + λ3v
2 + λ′4v
′2) , (19)
m2A =
1
2
(
2µ2 + (λ3 + λ4 − λ5) v2 + λ′4v′2
)
. (20)
Our explanation of the muon g − 2 draws upon contributions from two light scalars, h′ and
H, leading to m2H ,m
2
h′  m2H± ,m2A. As discussed in a later section, electroweak precision
measurements, expressed in terms of oblique parameters, lead to a mass hierarchy mA ∼
mH±  mH . In addition, collider constraints (discussed in a later section below) set a
lower bound on mH± , requiring it to be comfortably above ∼ 110 GeV. For our purpose, we
assume m2H± ' m2A. They do not play an essential role in our scenario, and we have checked
that contributions made by them to the muon g − 2 are negligibly small. The necessary
closeness in mass then implies λ4 ' λ5, leading to m2H± = m2A ' −v2λ5. Perturbativity
(|λ5| <∼
√
4pi) then imposes an upper bound on these masses, mH± = mA <∼ 460 GeV, with
mH thus restricted to be ∼ GeV or less [125].
As we discuss in a later section, LEP allows us to obtain a lower bound on the charged
Higgs, i .e. mH± ' v
√|λ5| ≥ 110 GeV. This upper bound can be then translated to |λ5| ≥
0.2. This is relatively insensitive to mass in the low mass region,i .e. mH ≤ 1 GeV.
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In the Higgs basis the Lagrangian LfY can be written as follows
LfY=
√
2
[
(Xuijφ˜h+X¯
u
ijφ˜H)Q¯
i
Lu
j
R+(X
d
ijφh+X¯
d
ijφH)Q¯
i
Ld
j
R+(X
e
ijφh+X¯
e
ijφH)L¯
i
Le
j
R+h.c.
]
, (21)
where
Xkij = Y
k
ij cos β + Y˜
k
ij sin β, (22)
X¯kij = −Y kij sin β + Y˜ kij cos β. (23)
We emphasize that Xkij and X¯
k
ij are independent Yukawa matrices. Moreover, the fermion
masses receive contributions only from Xkij, since in the Higgs basis only φh acquires a non-
zero vev. This leads to Xk =Mk/v, whereMk are the fermion mass matrices. Hereafter, we
work in a basis in which the fermion mass matrices are real and diagonal, where UkMkV †k =
mdiagk are their bi-unitary transformations. In this basis, in general, X¯
k
ij are free parameters
and non-diagonal matrices but we have chosen them after rotation to be diagonal to avoid
flavor violating processes.
From the leptonic Lagrangian L`Y , their interactions with the physical scalar states are
given by
L`Y =
∑
`=e,µ,τ
[X`ijh+ X¯
`
ij(Z
H
32h
′ + ZH22H)]¯`
i
L`
j
R + h.c., (24)
one finds the following coupling strengths of the scalars h, h′, H with leptons, respectively:
yh` =
m`
v
, yh
′
` = y
`ZH32 = y
` sin δ, yH` = y
`ZH22 = y
` cos δ, (25)
where diag{me,mµ,mτ} = U`M`V †` and δ is the scalar mixing angle between the mass
eigenstates (H, h′) and the gauge eigenstates (H02 , H
0
3 ). Again, in the above, we work in the
mass basis and have chosen the rotated X¯`ij to be diagonal and equal to diag{ye, yµ, yτ} to
avoid flavor violating processes. Additionally, the quark X¯kij are assumed to be very small
to suppress flavour violating processes. An example of an ansatz that can achieve such
suppression is discussed in [172].
Finally, Lm represents mass terms for the SM fermions, weak gauge bosons and the
neutrinos. The full neutrino mass matrixMν contains mass terms for both the SM neutrinos
and the additional ones we introduce, since the masses are linked to each other at the
Lagrangian level. In addition to a LH νd, we have a RH partner (N
4
R) to cancel the [U(1)
′]3
anomaly in the dark sector, as well as three RH neutrinos (N iR, i = 1, 2, 3) to achieve the
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usual SM anomaly cancellation. We further assume that the mass eigenstates of the RH
neutrinos are large (to induce the see-saw mechanism) and can be integrated out. Thus
at the low energies of interest to us here, one is left with a 4 × 4 mixing matrix U , which
connects the flavour states e, µ, τ, d to the mass eigenstates ν1, ν2, ν3 and ν4, and UPMNS, the
usual SM lepton sector mixing matrix is a 3× 3 sub-matrix of U .
D. The interaction in MiniBooNE
As mentioned above, the dark neutrino (νd) mixes with the standard massive neutrinos.
Writing the interaction term in the mass basis, we have
Lint = −gd
4∑
i,j=1
U∗diUdj ν¯iγ
µ (1− γ5)
2
νj. (26)
The assumed value of the mass of the ν4 plays a somewhat secondary role in our calculation,
and we comment here on its dependence, which arises primarily from kinematic considera-
tions. Varying the mass within a range allowed by existing constraints does not affect the
results in a qualitative manner. The benchmark value (see Table I) for its mass assumed
in what follows is ∼ 50 MeV, hence it will not be produced in pion decay. Thus, in our
model, the MB beam primarily consists of νµ produced via pion decay as the superposition
of three mass eigenstates. The relevant process leading to an excess proceeds via the new Z ′,
producing a collimated e+e− pair via the light scalar (h′) decay. As part of the final state,
a ν4 kinematically accessible for the MB neutrino beam energy is also produced, making it
proportional to |Uµ4|2, as shown in the Fig. 1. In what follows, we have assumed that the
νd does not decay visibly in MB after production. The Z
′ couples to quarks via its coupling
to baryon number, and consequently to nucleons, denoted below by N . The on-shell matrix
elements of the new Z ′ neutral currents take the form
〈N(k′)|JµZ′|N(k)〉 = gBu¯(k′)ΓµZ′(k′ − k)u(k),
where, k and k′ are the initial and final nucleon momenta, and
ΓµZ′(q) = γ
µF 1V (q
2) +
i
2mN
σµνqν F
2
V (q
2). (27)
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N
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2m2Z ′ cos δ/v
′ h′
N
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FIG. 1: Feynman diagram of the scattering process in our model which leads to the excess
in MB. Note that H also contributes via the same diagram.
The isoscalar form factors F 1V (q
2) and F 2V (q
2) for the nucleon are given by [173]
F 1V (q
2)
FD(q2)
= 1− q
2/4m2N
1− q2/4m2N
(ap + an) ,
F 2V (q
2)
FD(q2)
=
ap + an
1− q2/4m2N
, (28)
where FD(q
2) = (1− q2/0.71 GeV2)−2, 1 + ap ≈ 2.79 and an ≈ −1.91 are coefficients related
to the magnetic moments of the proton and neutron, respectively.
To compute the total differential cross section, we consider both the incoherent and
coherent contributions in the production of h′, as shown in Fig. 1. The total differential
cross section, for the target in MB, i .e., CH2, is given by(
dσ
dEγ
)
CH2
= 14×
(
dσ
dEγ
)
︸ ︷︷ ︸
incoherent
+ 144× exp(2b(k′ − k)2)
(
dσ
dEγ
)
︸ ︷︷ ︸
coherent
. (29)
For the incoherent process, we have multipied the single nucleon cross section by the total
number of the nucleons present in CH2 i.e., 14. In the coherent process the entire carbon
nucleus (C12) contributes in the process and the contribution is large when the momentum
transfer is small, i.e. q2 = (k′ − k)2 ∼ 0. As q2 increases, the coherent contributions are
reduced significantly. This is implemented by the form factor exp(2b(k′ − k)2) [174], where
b is a numerical parameter, which for C12, has been chosen to be 25 GeV−2 [30, 174].
We have used Eq. (29) to calculate the total number of h′ produced in the final state.
Once h′ is produced, it decays promptly to an e+e− pair, its lifetime being decided by its
coupling to electrons. Neglecting the mass of the electron, the lifetime of h′ is given by
τh′ =
8pi
(yh′e )
2mh′
. (30)
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For our benchmark parameter values, the lifetime of h′ is 3.5 × 10−13 seconds. We note
that MB is not able to distinguish an e+e− pair from a single electron [175, 176] if mtrack <
30 MeV, where
mtrack ≡
√
2E1E2(1− cos θ12). (31)
Here E1 and E2 are the track energies and θ12 is the angle between two tracks. Since we
have chosen the mass of h′ to be 23 MeV, the mtrack produced by h′ decay is always less than
30 MeV. Hence, the decay of h′ to an e+e− pair mimics the single electron charged current
quasi-elastic (CCQE) signal in the detector. We note that H can also contribute to the MB
signal, since it can be produced in the final state and subsequently decay promptly to an e+e−
pair. If the opening angle of the two electrons is less than 8◦ or one of electrons has energy
less than 30 MeV, it would add to the signal. We find that only a fraction (∼ 10− 15%) of
the total number of the H produced satisfy these criteria. Further suppression are provided
by kinematics, since its mass is higher than that of h′, and by sin2 δ. Hence, the contribution
of H to the MB events is small. Additionally, we have checked that the production of two
h′, two H or h′H via the quartic couplings to Z ′ are suppressed compared to single h′
production in the final state.
Our results are presented in the next section.
IV. RESULTS
In this section we present the results of our numerical calculations, using the cross section
for the process and the model described in Section III.
A. Results for MiniBooNE and implications for LSND and KARMEN
Fig. 2 shows, in each of the 4 panels, the data points, SM backgrounds and the prediction
of our model (blue solid line) in each bin. Also shown (black dashed line) is the oscillation
best fit. The left panel plots show the distribution of the measured visible energy, Evis,
plotted against the events for neutrinos (top) and anti-neutrinos (bottom). For our model,
Evis corresponds to Eγ. The right panels show the corresponding angular distributions for
the emitted light. The benchmark parameter values used to obtain the fit from our model
are shown in Table I. The plots have been prepared using fluxes, efficiencies POT exposures
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FIG. 2: The MB electron-like events (backgrounds and signal) from [51], versus the visible
energy Evis and versus the cosine of the emitted angle of the light, for neutrino (top) and
anti-neutrino (bottom) runs. Data points show statistical errors, whereas the blue band
shows (estimated) systematic errors. The blue solid line is the prediction of our model.
The parameter values used in calculating it are shown in Table I.
and other relevant information from [51] and references therein. We see that very good
fits to the data are obtained both for energy and angular distributions. (The data points
show only statistical uncertainties.). We have assumed a 10% systematic uncertainty for our
calculations. These errors are represented by the blue bands in the figures.
mν4 gB gd mZ′ |Uµ4|2 mh′ mH sin δ yh
′
e(µ) = y
e(µ) sin δ yHe(µ) = y
e(µ) cos δ
50 MeV 10−4 2.24 400 MeV 2.5× 10−5 23 MeV 106 MeV 0.28 0.45(1.8)× 10−4 1.5(6.0)× 10−4
TABLE I: Benchmark parameter values used for event generation in MB and for
calculating the muon g − 2.
As mentioned earlier, the LSND observations measure the visible energy from the
Cerenkov and scintillation light of an assumed electron-like event, as well as the 2.2 MeV
photon resulting from coincident neutron capture on hydrogen. In our model, this corre-
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FIG. 3: One loop contribution to lepton anomalous magnetic moments from the neutral
scalars h′ and H.
sponds to the scattering diagrams in Fig. 1 where the target is a neutron in the Carbon
nucleus. Unlike the case of MB above, where both coherent and incoherent processes con-
tribute to the total cross section, the LSND cross section we have used includes only an
incoherent contribution. Using the same benchmark parameters as were used to generate
the MB results, as well as all pertinent information on fluxes, efficiencies, POT etc from
[52, 177–180], we find a very small excess (1− 2 events, from the DIF flux only), compared
to the much larger observed excess reported by LSND [52]. We note that our calculations do
not include effects arising from final state interactions or other considerations like nuclear
screening or multiple scattering inside the nucleus, which could play a role at the LSND en-
ergies [181]. The KARMEN experiment similarly employed a mineral oil detection medium,
but was less than a third of the size of LSND. It did not have a significant DIF flux, but
had similar incoming proton energy and efficiencies. Unlike LSND, it saw no evidence of
an excess. A simple scaling estimate using our LSND result gives ∼ 0 events in KARMEN
using our model, which is consistent with their null result.
B. Muon anomalous magnetic moment
The one-loop contribution of a scalar φ (as shown in Fig. 3) to the muon anomalous
magnetic dipole moment is given by [182, 183]
∆aµ =
(yφµ)
2
8pi2
∫ 1
0
dx
(1− x)2(1 + x)
(1− x)2 + x r2φ
, (32)
where rφ = mφ/mµ, and φ = h
′, H. yφµ is the coupling strength of the scalar φ with the
muon pair, which is defined in Eq. (25).
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FIG. 4: Muon anomalous magnetic moment versus the scalar mixing angle δ, along with
our benchmark in Table I denoted by the black star.
In our scenario, both h′ and H have comparable contributions to the muon anomalous
magnetic moment given that they have light masses ≤ 1 GeV [123, 124]. In Fig. 4, we
show the relative contributions of h′ and H to ∆aµ as a function of the scalar mixing
angle δ. The blue dashed and red dotted lines correspond to the muon anomalous magnetic
moment contributions of H and h′ (∆aHµ and ∆a
h′
µ ), respectively, while the green solid line
refers to their sum (∆aHµ + ∆a
h′
µ = ∆aµ). In addition, the horizontal yellow band indicates
the experimental 2σ allowed region: (2.74 ± 0.73) × 10−9 [109, 110] and the black star
denotes our benchmark in Table I. We note that in this figure mh′ , mH are fixed to fit the
MB measurements, as discussed in the previous section. We see that both h′ and H have
reasonable and comparable contributions to the total muon anomalous magnetic moment
∆aµ and their ratio ∆a
h′
µ /∆a
H
µ ∼ tan2 δ. Although in our scenario are fixed mh′ and mH
to fit the MB measurements, in a more general situation yµ and the angle δ are still free
parameters and one can fix them to fit the central value for ∆aµ.
For a suitably selected combination of yµ and δ (yµ = 6.3 × 10−4 and sin δ = 0.28), our
benchmark (denoted by the black star) is situated in the experimental 2σ allowed region
(yellow band), close to the central value for ∆aµ (= 2.74× 10−9). For our benchmark, it is
clearly seen that while the total muon anomulous magnetic moment ∆aµ is dominated by
the H contribution ∆aHµ (blue dashed line), the h
′ contribution (red dotted line) is 18% of
∆aµ, which is not negligible. The constraints on y
φ
µ (φ = h
′, H) are shown in Fig. 8. We see
that both yh
′
µ and y
H
µ sit in the experimentally allowed region of the current constraint of
BaBar [184] and the future sensitivity of Belle-II [185].
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FIG. 5: Constraints on mZ′ and gB−3Lτ from oscillation experiments, denoted by the solid
line and shaded region above it, along with projected sensitivities of T2K and DUNE (left
panel, adapted from [139]) and on mZ′ and gB from NA64 [186] and BaBar [187], along
with theoretical bounds from (see text) [188, 189] (right panel, adapted from [135]) along
with our benchmark in Table I denoted by the black star.
V. DISCUSSION ON CONSTRAINTS
This section is devoted to a discussion of constraints that the proposed scenario must
satisfy, and related issues as well as future tests of the various elements of our proposal.
Subsection A focuses on bounds related to the additional U(1) and its gauge boson and
couplings, while Subsection B discusses constraints related to the scalar sector extension.
We have, for the most part, restricted our discussion to the regions of parameter space
relevant to our scenario.
A. The U(1) extension
Constraints on mZ′ and gB−3Lτ : Strong constraints on this coupling and the asoociated
Z ′ mass arise from oscillation experiments as well as various decay searches [138, 139, 159,
190]. Fig. 5 (left panel) shows these bounds, along with our benchmark point. Future tests
of these parameter values would be possible via oscillation measurements at DUNE [191]
and T2HK [192], as discussed in [139]. Other experiments sensitive to τ interactions, like
DONuT [193] and the future emulsion detectors SHiP [194], FASERν [195] and SND@LHC
[196] could provide additional constraints on the parameter space for mZ′ and gB−3Lτ [197].
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FIG. 6: The SM NC quasi-elastic anti-neutrino-proton cross section, compared to the
contribution obtained from our model with the Z ′ due to its couplings to baryons and to
νd. The parameter values used in calculating the Z
′ contributions are the same as those
used for our MB result, and are given in Table I.
Constraints on mZ′ and gB: The gauging of baryon number via a light boson associ-
ated with a U(1)B symmetry, which primarily interacts with quarks is subject to a number
of constraints on its mass mZ′ and the gauge coupling gB [135]. Assuming that the primary
modes of decay are invisible, the strongest of these come from theoretically computed bounds
arising from anomaly cancellation by heavy fermions, which lead to enhanced interaction
rates for processes involving the longitudinal mode of the Z ′ [188, 189]. In addition, con-
straints from searches by NA64 [186] and BaBar [187] for a light vector decaying to invisible
become relevant. We show these in Fig. 5 (right panel), along with our benchmark values.
Contributions to NC ν-nucleon scattering at both low and high energies: At low
energies, an important constraint arises from NC quasi-elastic neutrino-nucleon scattering,
to which the new Z ′ would contribute via an amplitude proportional to gd gB Uµ4. MB has
measured this cross section in the relevant range [104]. Fig. 6 shows the SM differential
cross section for muon anti-neutrino scattering and compares it to the cross section from our
model. We see that the contribution from the latter stays safely below the SM anti-neutrino
cross section, which, of course, is lower than that for neutrinos and thus provides a more
conservative basis for comparison. We note that our process with the Z ′ mediator does not
distinguish between neutrino and anti-neutrino scattering, unlike the SM case. It also adds
5−10% to the SM cross section, over the range shown. Interestingly, MB NC measurements
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FIG. 7: The SM NC DIS cross section, compared to that obtained from our model. The
parameter values used in calculating the Z ′ contribution are given in Table I.
have been fitted with an axial mass MA which is significantly higher than the value from the
global average value of this parameter, indicating that the measured cross section is higher
than expected, with one possible conclusion being that it is receiving contributions from
new physics.
IceCube and DeepCore are a possible laboratory for new particles which are produced
via neutrino nucleon scattering [198, 199]. Fig. 7 shows our check for contributions of the
model to deep inelastic scattering (DIS), comparing it to the SM total NC cross section for
νµ-nucleon scattering. The Z
′ contributions are more than three orders of magnitude lower.
We note that the DeepCore and IceCube detectors would be sensitive to the new particles
and the interaction in our model in two ways: a) by a possibly measurable increase in the
neutrino nucleon NC event rate, and b) via the decay of h′ into an e+e− pair if, after its
production in a NC event mediated by Z ′, it travels a distance long enough to signal a double
bang event (about 10 m in DeepCore, and ∼ a few hundred m in IceCube. The lifetime of
the h′ in our scenario is cτ ∼ 10−4 m. The distances travelled even at very high energies are
much smaller than the resolution necessary to signal a double bang event. In addition, as
Fig. 7 shows, the high energy NC cross section stays several orders of magnitude below the
SM cross section. We note that similar to the low-energy case above, the Z ′ contribution
has been calculated taking into account the enhancement it receives due to gd Uµ4 at the
neutrino vertex.
Constraints on mν4, |Uµ4| and |Ue4|: The mass of the dark neutrino in our model has
a wider possible range than that in scenarios where it is required to decay inside the MB
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detector [77, 90, 91] to obtain the electron-like signal. Its main role here is that of a portal
connecting the SM neutrinos via mixing to the Z ′. Nonetheless, heavy sterile neutrino masses
and mixings are tightly constrained by a number of experiments, as well as astrophysics and
cosmology, and these bounds are discussed and summarized in [79–85, 200]. We assume that
the νd does not constitute an appreciable fraction of DM in the universe, and has dominantly
invisible decay modes. Our benchmark value for its mass is ∼ 50 MeV, and this along with
the mixings we assume are in conformity with the existing bounds.
Constraints from NOMAD: The NOMAD experiment carried out a search for neu-
trino induced single photon events at high energies, Eν ∼ 25 GeV [201]. It obtained an
upper limit of 4.0 × 10−4 single photon events for every νµ induced charged-current event.
Clearly, extrapolating our calculations to NOMAD energies would be invalid, given that the
calculational procedures we use to obtain the pair production contributions do not apply
there. However, one may compare the single-γ production keeping the sum of the invariant
masses of the e+e− pair and nucleon below 1.6 GeV, which we assume as a benchmark below
which the model is assumed to be valid. We then examine the ratio of the cross section for
our process to the charged current total inclusive incoherent muon production cross section
measured by NOMAD at Eν ∼ 25 GeV, and obtain a ratio below the upper bound given by
NOMAD.
Constraints from CEνNS: Any additional U(1) with a vector Z ′ mediator that cou-
ples to neutrinos and baryons could conceivably receive large contributions from coherent
elastic neutrino-nucleon scattering (CEνNS) [30, 31], since it would receive an enhancement
proportional to the square of the number of nucleons. In our scenario, in spite of the choice
of gauge groups being U(1)B−3Lτ or U(1)B, the Z ′ does effectively couple to muon neutrinos
(Fig. 1). The amplitude for this process receives an added enhancement from the fact that
the effective active neutrino-Z ′ coupling is gd Uµ4, which can be significantly larger than gB.
The COHERENT Collaboration [202] has recently observed CEνNS, for neutrinos in the
energy range of 16− 53 MeV, and concurrently set stringent bounds on the parameters gB
and mZ′ . The values of gB and mZ′ chosen by us respect these constraints, but the coupling
for the amplitude of the enhanced process, gB gd Uµ4 does not. However, the neutrino beam
energies in COHERENT are below the kinematic range required for the process in Fig. 1,
since besides nuclear/nucleon recoil, a heavy neutrino of mass ∼ 50 MeV must be produced
in the final state. Thus the event rate in COHERENT remains unaffected by our scenario.
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FIG. 8: Relevant constraints to our scenario, where the color shaded regions with solid
boundary indicate to the excluded regions by current experiments, and the unshaded
regions with dashed boundaries are future projections (see text for details).
B. The extended scalar sector
Constraints on ye and mh′ from dark photon searches: A dark photon search looks
for its decay to lepton pair. These bounds can be translated [203, 204] to constraints on a
light scalar which couples to leptons. We show these translated constraints relevant to our
scenario from KLOE [205], BaBar [184] and the projected future sensitivity from Belle-II in
Fig. 8 (left panel) [185].
Constraints on ye and mh′ from electron beam dump experiments: A light scalar
with couplings to electrons could be searched for [119, 120] in beam dump experiments via
its decay to an e+e− pair or photons. Relevant to the mass range under consideration here
are the experiments E137 [206], E141 [207] and ORSAY [208]. The forbidden regions are
shown in Fig. 8 (left panel). In the future, the HPS fixed target experiment [209] which will
scatter electrons on tungsten, will be able to constrain the displaced decays of a light scalar.
Its projected sensitivity is also shown in this figure.
Contribution from the new scalars to the anomalous magnetic moment of
the electron: The (positive) one loop contribution in our model allows us to explain the
observed value of ∆aµ. A similar (positive) contribution is made to ∆ae by both h
′ and H,
which we have computed, summed and found to be
∆ae = 1.37× 10−13.
This well is within the present uncertainties in this quantity.
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Future tests of the muon and the electron g − 2: The E989 experiment [210] at
Fermilab is soon likely to announce results of measurements of the muon g − 2 which will
have significantly higher precision than current measurements. This will be complemented
by measurements of this quantity at comparable precision by an experiment at J-PARC and
the E34 Collaboration [211]. An important supplementary effort will be the measurement of
the hadronic contributions to the muon magnetic moment by the MUonE experiment [212]
at CERN, which will determine them at uncertainties below those in present theoretical
calculations. Finally, continuing and improved measurements of the fine structure constant
are likely to determine the future significance of the discrepancy in the electron g − 2.
Constraints on yµ and mH from colliders: BaBar has provided constraints [120, 185]
on these parameters via their search for µ+µ− → e+e−φ, where φ is a generic light scalar.
Also shown in Fig. 8 (right panel) is the future projection for Belle-II [185]. Our benchmark
points, as shown, are below these bounds.
Constraints on yτ and mH from BaBar: Very recently, BaBar has provided strong
constraints [213] on the parameter ξ, which is the ratio of the effective coupling (ye,µ,τ in our
model) of a light scalar to a fermion compared to its SM Yukawa coupling (mf/v). BaBar
looks for narrow width decays of a leptophilic scalar φ, produced radiatively from τ -lepton
via e+e− → τ+τ−φ, followed by φ→ e+e−. In our case, noting that ye,µ,τ are all independent,
this translates to a bound on yτ and mH . For our mass range for H, of 100 − 150 MeV,
this implies that yτ remain below ≈ 3.5 × 10−3. In our scenario, yτ , is independent and
essentially free, and can be kept small. We also note that the independence of yµ from yτ
in our scenario ensures that the bound on yτ from BaBar does not automatically translate
into a bound on yµ, unlike the case where ξ is the same for all leptonic generations.
The non-applicability of the BaBar bound would not be the case were we to use our sce-
nario to simultaneously explain the present 2.4σ discrepancy in ∆ae [17, 214–216], although
this is possible in principle using the two-loop Barr-Zee mechanism [217, 218], as has been
done in [125, 216, 219]. In our case this requires a yτ ∼ 0.1 that would potentially be in
conflict with the recent BaBar bound, and lie within the constrained range.
Constraints from Higgs physics:. We note that in the model considered here, the
h is almost identical to the SM Higgs, with negligible mixings to the other neutral scalars
(h′ and H). This makes the constraints from Higgs observations not a matter of immediate
concern.
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Stability of the scalar potential: We have examined the behaviour of the potential as
the fields tend to infinity, in order to ensure it is stable. Our benchmark parameters satisfy
the vacuum stability conditions. The details are provided in the Appendix B.
Collider constraints on the heavy charged CP-even scalars H±: Drell-Yan pro-
cesses at both LEP and the LHC can produce pairs of the H±, which can subsequently
decay to a neutrino and a lepton each. Bounds set on supersymmetric particles [220–222]
which would mimic these final states can be translated to bounds on H±, as discussed in
[125, 223]. These lead to a lower bound on the charged scalar mass of mH± > 110 GeV.
Electro-weak precision constraints on the heavy charged CP-even scalars H±
and pseudoscalar A: The oblique parameters S, T and U are a measure of the effects new
particles can have on gauge boson self energies. The effects of scalars in an expanded Higgs
sector on these parameters have been discussed in [224–226]. For models in the alignment
limit, bounds using the T parameter are particularly significant in constraining the plane of
mass differences between a) the SM-like Higgs and the charged H±, and b) the H± and the
pseudoscalar [125, 172]. Essentially, one finds that either the masses of the pair in a) or that
in b) need to be close to each other, while the other mass difference can be large, e.g . ∼ a
few hundred GeV. In our scenario, if the dominant contribution to ∆aµ is to originate from
an H with a mass below 200 MeV, one is led to the mass hierarchy mA ∼ mH±  mH .
VI. SUMMARY AND CONCLUDING REMARKS
Among several anomalous signals at low energy experiments, the MB LEE and the dis-
crepancy in the measured value of the anomalous magnetic moment of the muon stand out,
due to their statistical significance, the duration over which they have been present and the
scrutiny and interest they have generated. Our effort in this paper takes the viewpoint that
these anomalies are due to interlinked underlying new physics connecting the SM and the
dark sector.
Pursuant to this, starting with the MB LEE, we find that a light Z ′ vector portal asso-
ciated with U(1)B−3Lτ , which is anomaly-free, or a U(1)B extension of the SM, combined
with a second Higgs doublet allows a very good fit to the excess. The Z ′ obtains its mass
from a dark sector singlet scalar, and is coupled to a dark neutrino. The Higgs sector thus
comprises of three CP-even scalars, h, which is predominantly SM Higgs-like, and h′ and
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H which are light compared to h and the charged Higgses of the model. h′, H are coupled
both to the dark sector and to SM fermions via mixing. In MB, the h′(H) is produced via
the Z ′-h′(H)-Z ′ coupling and decays primarily to an e+e− pair. Both h′ and H contribute
to both the MB LEE and the muon g − 2, but for our choice of benchmarks, the h′(H)
contributes dominantly to the MB LEE (the muon g − 2).
Our work underscores the role light scalars may play in understanding low energy anoma-
lies that persist and survive further tests, and the possibility that a light Z ′ may provide an
important portal to the dark sector. This Z ′ need not be unique as long as it couples in a
flavour universal way to quarks. The couplings to leptons are constrained to be very small,
however, especially for the first two generations.
We note that a singlet scalar mass-mixed with the SM Higgs along with the Z ′, could,
in principle have provided an economical solution for the MB LEE. However, the fermionic
couplings of such a scalar are constrained to be very tiny and cannot be used to generate
the MB excess. This motivates the need for a second Higgs doublet mixed with the dark
sector. We find that when incorporated, the interplay of the scalars via mixing allows us
to understand both the MB signal and the observed anomalous value of the muon magnetic
moment in a manner that satisfies existing constraints.
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APPENDIX
Appendix A: Diagonalization of CP-even Higgs mass matrix
In the basis ρ = (H01 , H
0
2 , H
0
3 ), the mass matrix of the neutral CP-even Higgses is given
by
m2H =

λ1v
2 λ6v
2 λ′3vv
′
λ6v
2 m¯2H λ
′
5vv
′
λ′3vv
′ λ′5vv
′ 2λ′2v
′2
 . (A1)
Now if λ6 = λ
′
3 ' 0, then we get the alignment limit i.e. one of the CP-even Higgs mass
eigenstates aligns with the vev direction of the scalar field. In the alignment limit, the mass
matrix becomes
m2H '

λ1v
2 0 0
0 m¯2H λ
′
5vv
′
0 λ′5vv
′ 2λ′2v
′2
 . (A2)
Now,
ZHm2H(Z
H)T = (M2)diag = diag{m2h,m2H ,m2h′}, (A3)
where
ZH =

1 0 0
0 cos δ sin δ
0 − sin δ cos δ
 , with tan 2δ = 2λ′5vv′m¯2H − 2λ′2v′2 . (A4)
The eigenvalues of the mass matrix are
m2h,H,h′ '
{
λ1v
2,
1
2
(
m¯2H + 2λ
′
2v
′2 ±
√
(m¯2H − 2λ′2v′2)2 + 4(λ′5vv′)2
)}
. (A5)
If we choose m¯2H = (102 MeV)
2, λ′5vv
′ = (53.8 MeV)2 and 2λ′2v
′2 = (37 MeV)2, we get
mH = 106 MeV, mh′ = 23 MeV and sin δ = 0.28, which fit our benchmark in Table I.
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Appendix B: Vacuum Stability
For a stable vacuum, the potential should be bounded from below as the field strengths
approaches to infinity from any directions. In these limit, only the quartic part of the
potential is relevant. In the alignment limit (λ6 ' 0 ' λ′3) and for simplicity we consider
λ7 = 0 = λ
′
4. With those considerations, the quatic part of the potential becomes
V4 =
λ1
2
(φ†hφh)(φ
†
hφh) +
λ2
2
(φ†HφH)(φ
†
HφH) + λ3(φ
†
hφh)(φ
†
HφH) + λ4(φ
†
hφH)(φ
†
Hφh)
+
λ5
2
((φ†hφH)
2 + (φ†Hφh)
2) + λ′2(φ
∗
h′φh′)
2 + λ′5(φ
∗
h′φh′)(φ
†
hφH + φ
†
Hφh). (B1)
We can parameterize the fields as [227]
|φh| = rcϑsϕ, |φH | = rsϑsϕ, |φh′| = rcϕ, φ†hφH = |φh||φH | ρ eiγ, (B2)
where sx ≡ sinx, cx ≡ cosx, r ≥ 0, ϑ ∈ [0, pi/2], ϕ ∈ [0, pi/2], ρ ∈ [0, 1] and γ ∈ [0, 2pi].
The potential can be written as
V4
r4
=
[
λ1
2
c4ϑ +
λ2
2
s4ϑ + λ3s
2
ϑc
2
ϑ + λ4s
2
ϑc
2
ϑρ
2 + λ5s
2
ϑc
2
ϑρ
2c2γ
]
s4ϕ
+ λ′2c
4
ϕ + 2λ
′
5ρcϑsϑc
2φs2ϕcγ. (B3)
In our case, λ4 is negative and other terms containing ρ are function of phase γ. Hence, we
consider ρ = 1. Now,
(λ5s
2
ϑc
2
ϑc2γs
4
ϕ + 2λ
′
5cϑsϑc
2
ϕs
2
ϕcγ)min > (−|λ5|s2ϑc2ϑs4ϕ − 2|λ′5|cϑsϑc2ϕs2ϕ). (B4)
We define
V˜4
r4
=
[
λ1
2
c4ϑ +
λ2
2
s4ϑ + λ3s
2
ϑc
2
ϑ + λ4s
2
ϑc
2
ϑ − |λ5|s2ϑc2ϑ
]
s4ϕ + λ
′
2c
4
ϕ − 2 |λ′5|cϑsϑc2ϕs2ϕ. (B5)
Now, V˜4 > 0 implies that V4 > 0. We first calculate the values of
V˜4
r4
at the boundary points
in the (ϑ, ϕ) plane:
V˜4
r4
(
ϑ = 0, ϕ =
pi
2
)
=
λ1
2
> 0,
V˜4
r4
(
ϑ =
pi
2
, ϕ =
pi
2
)
=
λ2
2
> 0,
V˜4
r4
(ϕ = 0) = λ′2 > 0,
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V˜4
r4
(
ϕ =
pi
2
)
=
λ1
2
c4ϑ +
λ2
2
s4ϑ + (λ3 + λ4 − |λ5|)s2ϑc2ϑ > 0.
From the above equations we get the vacuum stability conditions as
λ1, λ2, λ
′
2 > 0, (B6)
and
λ3 + λ4 − |λ5| > −
√
λ1λ2. (B7)
Also, we have to show that
V˜4
r4
> 0 in the interior points (ϑ, ϕ), i.e.
−2 |λ′5|cϑsϑ > −
[
λ1
2
c4ϑ +
λ2
2
s4ϑ + (λ3 + λ4 − |λ5|)s2ϑc2ϑ
]
tan2 ϕ− λ
′
2
tan2 ϕ
. (B8)
Maximizing the right hand side of the inequality (B8) with respect to ϕ, we get
−|λ′5|cϑsϑ > −
√
λ′2
(
λ1
2
c4ϑ +
λ2
2
s4ϑ + (λ3 + λ4 − |λ5|)s2ϑc2ϑ
)
. (B9)
From the above equation, we get the final condition for stable vacuum as
(λ3 + λ4 − |λ5|)λ′2 − |λ′5|2 > −λ′2
√
λ1λ2. (B10)
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